I. Introduction
The application of high energy-and angular-resolution (~100 meV, The organization of this paper is as follows: Section II describes our apparatus in more detail than we have given in the past. Section III describes experiments performed to characterize surface-state symmetry, 3 dispersion, and peak width. Section IV is concerned with a novel temperature effect, and the final section summarizes our results.
II. Experimental
The spectrometer used in these studies was designed to provide rapid data acquisition while allowing complete flexibility in orienting the vectors that are important in an ARP experiment. These vectors include the photon vector potential A, the momentum vector of the photoelectrons -+ -+ that are detected, p, the surface normal n, and one or more directions that are required to describe the sample orientation relative to A, p, -+ and n (e.g., crystalline axis directions). Because this is the first experiment in which we have systematically used these capabilities of the spectrometer, we have chosen to describe them in some detail here.
The heart of the spectrometer is a 5.4 em mean radius 180 0 hemispherical sector energy analyzer. Before entering this analyzer, photoelectrons must pass through a lens composed of two Einzel lenses working in conjunction to focus electrons of a certain kinetic energy onto the entrance s lit of the hemispherical analyzer at a fixed pass energy.
Inside the lens are two collimators. The first, which lies between the Einzel lenses, will allow only those electrons emanating from the sample into a cone of half-angle~3°to be transmitted to the second lens, while the second collimator ensures that the maximum half-angle of electrons entering the analyzer is 2
•
The actual half-angle collected off the sample can be determined by either collimator, depending on the kinetic energy-pass energy combination in conjunction with the Helmholtz-Lagrange 6 law. It turns out that for low pass energy and hence better energy 4 resolution, the second aperture limits the half-angle of electrons collected from the sample. This is the case for the present study, in which electrons in a cone of maximum angular dimensions of 1°x 2°were
collected. In some cases, rotations by J,0 produced significant spectral changes.
The analyzer is surrounded by two nearly continuous layers of -metal to reduce stray magnetic fields. In addition, a shield including one layer of silicon-iron and another of~-metal have been constructed to fit about the periphery of the chamber. This shield reduces the field inside the chamber to <100 mG.
A schematic of the resistive anode multichannel detector system at the exit end of the analyzer is shown in Figure 1 . A similar system has been described elsewhere.? Energy-analyzed electrons exit from the analyzer and are accelerated into an image-quality channel plate electron multiplier. The charge exiting from the channel plate is accelerated to a ceramic disk that has a uniform-thickness square of graphite evaporated on either side. On the front side, two contacts are made to opposite sides of the graphite layer along the "energy" (radial) direction, while on the back side contacts are made 90°away, concentric to the hemispheres. The charge (front side) and image charge (back side) resulting from a pulse are divided by the graphite resistances, collected at either set of contacts, amplified, and compared, yielding position sensitivity in two dimensions.
The advantage of such a system is that a range of kinetic energies may be simultaneously analyzed using only four wires, thus allowing for the analyzer rotations described below. An enhancement of 20-30 in counting rate is obtained over a single-channel system. The amplification digit-ization process requires 8-9 )Jsec, allowing maximum photoemission counting rates of 104/sec . This number will soon be tripled by electronic improvements.
The analyzer mount allows two-circle rotation through over 2n steradians of solid angle. This capability, combined with two axes of rotation on the sample manipulator and the capability of rotating the plane of polarization of a laboratory photon source, allows us to choose nearly
any meaningful combination of directions of the vectors A, p, n, etc.
The photon source used in these studies is a noble gas resonance lamp designed by N. J. Shevchik. in situ by repeated cycles of argon ion sputtering followed by annealing at 600°C. No surface impurities were detected by AES, and a sharp LEED pattern, indicative of an ordered (lxI) surface, was obtained. The surface was stable and remained clean for several hours. All angles were measured by laser autocollimation, and were reproducible to iO.So .
III. Surface-State Dispersion and Linewidth
As noted above, the sharpness of the surface state at the Mpoint on Cu(OOl) permits several interesting experiments. The apparatus described in Section II provides slightly better angular and probably also better energy resolution than that used in the previous study. Figure 1 , corresponding to emission from the M point, the peak is seen to be quite sharp. Using symmetry arguments/the surface state and peak B are clearly odd with respect to the mirror plane, while peak C is even. is not valid since their data should in fact be described by a convolution
relationship similar to what we have used above. The amount of scatter they observed at the lower pass energies could well be attributed to this very effect, and their straight line extrapolation would then yield a value for the natural width which is much too low. We note that their narrowest observed line had a FWHM of 50-60 meV, in good agreement with our result. We also emphasize that their data and ours are in good agreement:
extrapolating our data as they do would also yield a very narrow line, which we believe is erroneous.
Perhaps the strongest evidence that the natural width is measured in Figure 3 is obtained from the peak shape. If 6E A~~6 E L , then the observed width will be dominated by the natural width and the shape will be essentially Lorentzian. If, on the other hand, 6E L~~6 E A , the lineshape will mimic the analyzer resolution function, which is triangular.
In Figure 5 , we show the leading edge of the top curve in Figure 4 expanded and fitted to both a Lorentzian and a triangle. 13 The characteristic Lorentzian tail is clearly seen in our peak shape, while the triangle does not fit nearly as \~ell. It must, of course, be realized that we still have finite angular resolution, which will lead to broadening in a nonstandard way. Because the sharpest peak (55-60 meV) we have observed is almost the same as that reported by Heimann et al., in spite of the fact that our angular resolution is better, and because the peak width, though sensitive to angle, does not change appreciably by rotations of our 9 (noncircular) acceptance cone, we infer that angular broadening is not a problem. Hence, we conclude that the natural width is~50 meV, and that the curve in Figure 3 is meaningful.
The natural line width f plotted in Figure 3 state 0 e an e ectron ve oCltles. s exp alne e sew ere, the peak width formula becomes simple for flat initial-state bands:
Near the M point, the surface state band is flat and v h is small so that, as a first approximation, we may neglect all but the first term and take f~fh. Assuming further that the surface-state dispersion relation can be fitted by a simple model for the peak width as a function of initial energy can be derived as follows: Assume that f h , the final-state hole lifetime, is proportional to l/N>(E), where N>(E) is the number of filled electron states of energy greater than E, which are thus energetically available 10 to fill the hole via the Auger process:
Here, NO is the constant contrihution from the s-p "plateau" above EO·
The electronic density of states for the two-dimensional dispersion relation we have chosen is
We see that and since N>(E) is expected to be proportional to the linewidth, we get where B is approximately a constant. A plot of feE) versus E -EO is shown in Figure 6 . Aside from substantial scatter arising from the difficulty in determining feE) accurately, the points do lie on a straight line. We also show data taken on a line perpendicular, but equivalent to, 
IV. Temperature Dependence
We now turn our attention to a novel temperature effect. Previous photoemission and LEED temperature-dependent phenomena have usually been [14] [15] [16] explained in terms of a Debye-Waller factor. This implies that intensities decrease exponentially with temperature, a functional form that is accurately obeyed in LEED studies 17 and reasonably well-obeyed in photoemission studies of bulk bands. 14 One might therefore expect to be able to determine a surface Debye temperature by measuring the temperature dependence of a surface-state intensity.
In Figure 7 we show a series of AREDCs collected with k" at the M point, for various sample temperatures. The intensity of the surface state is quite sensitive to temperature, much more so in fact than are the bulk features. The surface state essentially vanishes by 450°C, whereas the bulk features have decreased in peak intensity by only 10%.
The magnitude of the effect is much larger than observed on the Cu(lll) 19 surface state. We note here that the effect is completely reversible as the temperature returns to room temperature, and that it was observed to be reproducible on three different runs. Care was taken to exclude systematic errors.
Of equal importance is the functional form of the decrease in surface-state intensity, shown in Figure 8 . At lower temperatures, the intensity decreases nearly linearly, while the negative slope increases at higher temperature. The decrease is certainly not exponential.
This, combined with the magnitude of the effect compared to the smaller One possible explanation of the effect is a temperature-induced destruction of the surface state. This is plausible because our higher temperatures were 2-3 times the Debye temperature of copper so that short wavelength phonon modes would be significantly populated. This is especially true at the surface, where the effective Debye temperature is lower than in the bulk. The argument is even more reasonable when one considers that this surface state is highly localized to the top layer of atoms. Vibrational amplitudes from these short wavelength phonons might be expected to produce substantial rehybridization at the surface, with the consequent destruction of the surface state. Put more simply, the state disappears when the surface loses its two-dimensionality. A similar explanation has been used in the case of noble metal halides. 18
V. Summary
The purpose of this paper has been to present data relevant to both the characterization of the M-point surface state on Cu(OOI) and Temperature (K) Pigm;e 8
